Electrical breakdown sets a limit on the kinetic energy that particles in a conventional radio-frequency accelerator can reach. New accelerator concepts must be developed to achieve higher energies and to make future particle colliders more compact and affordable. The plasma wakefield accelerator (PWFA) embodies one such concept, in which the electric field of a plasma wake excited by a bunch of charged particles (such as electrons) is used to accelerate a trailing bunch of particles. To apply plasma acceleration to electronpositron colliders, it is imperative that both the electrons and their antimatter counterpart, the positrons, are efficiently accelerated at high fields using plasmas 1 . Although substantial progress has recently been reported on high-field, high-efficiency acceleration of electrons in a PWFA powered by an electron bunch 2 , such an electron-driven wake is unsuitable for the acceleration and focusing of a positron bunch. Here we demonstrate a new regime of PWFAs where particles in the front of a single positron bunch transfer their energy to a substantial number of those in the rear of the same bunch by exciting a wakefield in the plasma. In the process, the accelerating field is altered-'self-loaded'-so that about a billion positrons gain five gigaelectronvolts of energy with a narrow energy spread over a distance of just 1.3 metres. They extract about 30 per cent of the wake's energy and form a spectrally distinct bunch with a root-mean-square energy spread as low as 1.8 per cent. This ability to transfer energy efficiently from the front to the rear within a single positron bunch makes the PWFA scheme very attractive as an energy booster to an electron-positron collider.
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Future high-energy particle colliders will operate at the frontier of particle physics, with particle energies in the range of several trillion electronvolts 3 . Beyond the Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN), physicists envision building even bigger machines, such as the Future Circular Collider 4 , which would collide protons at energies of around 100 TeV, but would require a tunnel of circumference approximately 100 km. Electron-positron linear colliders are also being considered, with proposed machines such as the International Linear Collider 5 (ILC) and the Compact Linear Collider 6 (CLIC). Based on existing radiofrequency technology, they are also expensive and tens of kilometres long. Looking beyond these machines, methods of building compact and efficient particle colliders-such as the muon collider 7 , the laser wakefield accelerator 8 and the PWFA 9 -are under development. Of these, the PWFA has showed an energy gain of tens of billions of electronvolts in less than one metre 10 , and has recently shown highefficiency acceleration of an electron bunch with a narrow energy spread containing a substantial charge, at a high energy gain per unit length (or gradient) (ref. 2) . However, for a future PWFA-based bunches. The electron plasma density in the y-j plane is shown after a propagation distance of s 5 ct 5 135 cm into the plasma, where y is the dimension transverse to the direction of motion of the bunch, and j 5 z 2 ct is the dimension parallel to the motion. In both panels the one-third-of-themaximum contour of the initial positron bunch density is represented by the orange dashed line, the on-axis density profile of the initial positron bunch by the grey dashed line, and the on-axis longitudinal electric field E z by the red solid line. The beam and plasma parameters (described in the Fig. 3 legend) are the same as those in the experiment. a, The unloaded plasma wake, for which no positrons are being accelerated by the wake because the bunch has been terminated just as E z reverses sign. b, The self-loaded plasma wake, where the trailing particles of a single bunch extract energy from the wake excited by the particles in the front. In a and b, the colour scale represents the perturbed plasma electron density (the plasma density prior to the passage of the beam is constant at 8 3 10 16 cm
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particle collider, it is imperative to demonstrate that the antimatter counterpart of the electron, the positron, can also be accelerated in a PWFA at high gradient and with high-energy efficiency. The longitudinal component of the electric field E z associated with a wake produced by the passage of either an intense ultra-relativistic electron or positron bunch through a plasma can, in principle, be used to accelerate positrons. In both cases, a dense (n b . n p ), tightly focused (k p s r , 1), short (k p s z , 1), ultra-relativistic (c ? 1) drive bunch (electron or positron) can be used to excite a nonlinear (non-sinusoidal) wake in a plasma. Here n b , n p , k p , s r , s z and c are the bunch density, the plasma density, the wavenumber of the plasma wave, the root-mean-square (r.m.s.) focused transverse spot size, the r.m.s. longitudinal size and the Lorentz factor of the bunch, respectively. However, the nonlinear wakes produced by the two types of drivers are qualitatively different 1 . With an electron driver, a region devoid of plasma electrons, called an ion cavity, is formed as these electrons are blown out by the transverse electric field of the bunch 11, 12 . Within this ion cavity, the transverse force is defocusing for positrons and so prevents positron acceleration. To avoid this problem, the use of a hollow plasma channel to produce wakes without a focusing force [13] [14] [15] , or the use of Laguerre-Gaussian laser pulses to drive doughnut-shaped wakes with a strong focusing force for positrons 16 , have been suggested. In contrast to the electron-driven wake, when an otherwise similar positron bunch is used, plasma electrons that are radially located within a few plasma skin depths (k À1 p , it the penetration depth of a low-frequency electromagnetic wave in a plasma) from the bunch are attracted inward (rather than being expelled) by the transverse electric field of the bunch [17] [18] [19] . As the plasma electrons flow in, positrons experience a negative or decelerating E z , losing energy as they do work on the plasma electrons. Once most plasma electrons have crossed the propagation axis, E z abruptly switches sign from negative to positive and becomes accelerating for positrons. If there are no positrons to sample the accelerating field, the wake is said to be unloaded because no energy is extracted from it. This is shown in Fig. 1a , taken from a simulation using the three-dimensional particle-in-cell code QuickPIC 20, 21 . In this case, plasma electrons flow outward after they cross the propagation axis, which leads to the formation of a cavity in which the ion density exceeds the electron density. When a sufficient number of positrons are sampling the accelerating field, a large number of electrons crossing the axis remain close to the axis (see Fig. 1b ). Consequently the longitudinal and the transverse fields are both strongly altered, that is, loaded. Owing to the presence of the plasma electrons on axis, the accelerated positrons are guided along the length of the plasma. These positrons can extract a substantial fraction of the wake's energy and alter the shape of the E z field, which becomes more uniform and produces a narrow-energy-spread peak in the accelerated part of the positron spectrum. This process occurs in the positrondriven wake without the need for a distinct trailing bunch 22 . In other words, the front of a single positron bunch can excite a wake in a plasma while the rear of the same bunch loads and extracts energy from this wake (as in Fig. 1b ). This regime is referred to as the selfloaded plasma wakefield.
The formation of an accelerated narrow-energy-spread positron bunch was discovered in an experiment conducted at the SLAC's ). The plasma is produced by laser ionization of a 1.15-m-long lithium vapour column of uniform density that has 15-cm-long density up-and down-ramps on either end 24, 25 (see Methods). The electron density of the plasma was set to n p 5 8 3 10
16 cm 23 by controlling the pressure and the temperature of the lithium vapour. After the interaction with the plasma, an imaging spectrometer consisting of a quadrupole magnet doublet, a strong dipole magnet and a Cherenkov detector 26 was used to characterize the energy spectrum of the positron beam (see Methods). The quadrupole magnet doublet was set up to image where the positron beam exits the plasma into the plane of the detector for a given positron energy: the energy set-point E image . To record both the decelerated and the accelerated parts of the positron spectrum, E image of the quadrupole magnet doublet was varied in increments of 2.5 GeV from 10.35 GeV to 27.85 GeV. Figure 2a and b show the accelerated part of the final energy spectrum of the positron bunch after its passage through the plasma, where E image is set to 22.85 GeV and 25.35 GeV, respectively. The accelerated positrons in Fig. 2a and b have peaks at 24.75 6 0.27 GeV and 26.11 6 0.35 GeV. These two examples show that the accelerated positrons have a narrow energy peak, albeit on top of a broader 'shoulder'. The spectral peaks are fitted by an asymmetric Gaussian function. The r.m.s. energy spreads associated with the fit of the peaks (red dashed lines) are 1.8% and 2.2% r.m.s., respectively, while the full width at half-maximum (FWHM) energy spreads associated with the experimental spectra (black solid lines) are 4.0% and 6.1%, respectively. . We have found experimentally that the energy gain of this peak can vary shot to shot from 3 GeV to 10 GeV. The contrast between the peak and the shoulder also varied shot to shot, and in some cases, the accelerated part of the spectrum was flat or decreasing (see Extended Data Fig. 1 ). The narrowest peaks were observed when the maximum energy gain was about 5 GeV. For an acceleration length of 1.3 m, this energy gain corresponds to an average loaded gradient of about 3.8 GeV m
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. This lower-energy shoulder can be suppressed by a proper collimation scheme using a series of magnets. Simulations discussed in Methods show that the peak energy and the peak-to-shoulder ratio are sensitive to s z , the details of the longitudinal shape of the bunch (that is, the rise time versus the fall time), s r, and the normalized transverse emittance of the bunch (see Extended Data Fig. 2 ). In the experiment, several of these parameters fluctuated from one shot to the next, and it was not possible to determine which parameter affected the experimental outcome the most. Nevertheless, these results demonstrate the self-formation of a narrow-energyspread positron bunch with multi-gigaelectronvolt energy gain in a metre-scale plasma accelerator. Figure 2c shows the decelerated part of the positron spectrum, with E image set to 12.85 GeV. The spectral charge density is continuous and decreases monotonically from 20.35 GeV to less than 10 GeV. The amount of energy that is transferred to the wake is computed as the total amount of energy lost by the decelerated positrons. For the shot of Fig. 2c , a decelerated charge of 511 6 34 pC has transferred 2.40 J of energy to the plasma wake. The energy extracted from the wake by the accelerated charge in the narrow peaks of Fig. 2a and b was calculated to be 0.86 J and 0.69 J, respectively. The energy extraction efficiency is obtained by taking the ratio of the energy gained by the accelerated charge contained in the peak to the energy transferred to the wake by the decelerated charge. Because the spectral charge density is only accurately measured for energies near E image , the amount of energy lost by the decelerated charge cannot be determined for the shots shown in Fig. 2a and b. The energy extraction efficiency and its error are thus estimated using the average amount of energy loss and its shot-to-shot variation, which are obtained using data acquired with E image ranging from 10.35 GeV to 20.35 GeV (see Methods). The resultant average energy loss is found to be 2.54 J, with variations of 60.3 J from shot to shot. The fraction of energy extracted from the wake by the charge in the peaks of Fig. 2a and b is thus estimated to be 34% 6 5% and 27% 6 4%, respectively.
To interpret these experimental results, three-dimensional particlein-cell simulations for beam and plasma parameters similar to those used in the experiment are performed with the code QuickPIC 20, 21 . In particular, the bunch has asymmetric normalized emittances in the two transverse dimensions of 200 mm mrad (in x) and 50 mm mrad (in y). Results are presented in Fig. 3 . During the first 10 cm of propagation in the flat-density region of the plasma, feedback of the forces exerted by the plasma on the positron bunch and vice versa causes the positron bunch and the plasma wake to evolve rapidly, until they reach a quasi-steady state. In this quasi-steady state, the longitudinal and transverse fields vary slowly in time (see Supplementary Video 1). Figure 3a shows that after 135 cm of propagation through the plasma the initially Gaussian positron bunch evolves to form an arrowheadshaped structure. Interestingly, a small number of positrons located in the region 2140 mm , j , 290 mm (where j 5 z 2 ct is the dimension parallel to the motion, comoving at the speed of light) are focused by the plasma electrons close to the bunch axis, as seen in the on-axis positron bunch density profile of Fig. 3a . Figure 3b shows the energy spectrum of the positrons at this point in the plasma. It shows that the initial 20.35-GeV positron bunch has both lost and gained energy. The energy loss monotonically extends down to 7 GeV but the energy gain feature shows a clear high-energy peak centred around 25 GeV, on top of a broader energy shoulder. The inset in Fig. 3b shows that most positrons with energies exceeding 24 GeV reside close to the beam axis in the region 2100 mm , j , 270 mm. The transverse force (see Fig. 3c and Extended Data Fig. 3 ) confines positrons close to the axis in a pseudo potential well, as shown in the inset of Fig. 3c .
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This large positron charge experiencing an accelerating electric field can load and thereby extract a substantial fraction of the energy stored in the wake. This self-loading of the wake can result in a nearly uniform longitudinal electric field along the length of the accelerated charge. These positrons thus gain approximately the same energy, which leads to the formation of a narrow-energy-spread accelerated peak in the final positron spectrum (see Fig. 3b ). The colour plot of the E z field and its on-axis lineout in Fig. 3d clearly show that the peak decelerating field is larger than the peak accelerating field. Further, the volume with the highest decelerating field is small compared to the extent of the bunch. This leads to a final positron energy spectrum that has a long energy loss tail (see Fig. 3b ), in good agreement with the experimental results shown in Fig. 2 .
In conclusion, we have discovered a mechanism that accelerates positrons with fields of several gigaelectronvolts per metre in a plasma. Using a nonlinear plasma wake driven by a single positron bunch, a substantial number of positrons is shown to be accelerated and guided over a metre-scale plasma. The accelerating electric fields exceed by two orders of magnitude those available with radio-frequency technology. The large number of accelerated positrons loads the wake and extracts almost a third of its energy. This self-loading flattens the longitudinal electric field of the wake, resulting in a narrow-energyspread spectrum. These results show that the PWFA concept may be a solution for an energy-boosting upgrade to a linear collider 27 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. ) of 50 cm in x and 500 cm in y at focus. Plasma source. A column of lithium vapour is confined in a heat-pipe oven by a helium buffer gas at both ends 24 . The lithium atomic density is uniform over a length of 1.15 m, and has 15-cm-long ramps on either end, giving a FWHM length of 1.3 m. The lithium atomic density in the plateau region is set to 8 3 10 16 cm
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by controlling the pressure and the temperature in the heat-pipe oven. The lithium vapour is ionized before the passage of the positron bunch by a Ti:sapphire laser pulse 25 . The laser has an energy of about 20 mJ, a FWHM pulse duration of 200 fs and is focused by a 0.75u Axicon lens, which produces a zero-order Bessel intensity profile over the full length of the column of lithium vapour. The laser focus line is aligned to the positron bunch axis over the entire length of the oven. Energy spectrum and efficiency. The energy of the positrons is characterized using a Cherenkov imaging spectrometer 26 . A dipole magnet, whose equivalent length and magnetic field are 97.8 cm and 0.8 T, respectively, deflects the positrons vertically. Positrons with an energy of 20.35 GeV experience a 11.46 mrad deflection. At the location of the detector, the vertical position of a positron provides a measurement of its energy. A quadrupole magnet doublet is used to image where the positron beam exits the plasma into the plane of the detector. The imaging conditions hold only for a given positron energy E image . The dispersion from the dipole magnet was high enough so that positrons with energies in a band of ,3 GeV around E image are accurately resolved at the detector. The energy resolution depends on the finite vertical beam size at the detector and on the detector resolution itself, and is of the order of 50 MeV for energies near E image . The detector consists of a camera imaging the Cherenkov light produced by positrons as they pass through a 5-cm-long air gap, delimited by two silicon wafers positioned at an angle of 45u to the beam. To measure the decelerated part of the positron spectrum, the dipole magnetic field is set to 0.4 T. By doing so, the detector field of view allows us to measure positrons with energies above 9 GeV.
For the accelerated portion of the energy spectrum presented in Fig. 2a and b, asymmetric Gaussian functions are fitted to the spectral charge density for energies above 24 GeV and 25.25 GeV, respectively. The fits are then used to calculate the number of accelerated positrons and the amount of energy gained by the peak. For the decelerated portion of the energy spectrum presented in Fig. 2c , the decelerated charge and the amount of energy transferred to the wake are calculated using all positrons that have lost more than 1 GeV. Further, the contribution of positrons with final energies below 9 GeV (that is, not detected) to the decelerated charge and the energy loss is determined using a linear extrapolation of the measured spectrum. This extrapolation accounts for about 10% of the total amount of energy loss.
To estimate the energy extraction efficiency, we divide the energy gained by the particles in the peak of Fig. 2a or b by the average amount of energy transferred to the wake by the decelerated particles (particles that have lost more than 1 GeV, including the extrapolation of the spectrum for energies below 9 GeV). The average energy loss is obtained using a piecewise reconstruction of the average decelerated spectrum, shown in Extended Data Fig. 5 . In this reconstruction, each piece of the spectrum corresponds to the average of the ,35 spectra recorded for the given values of E image , from 10.35 GeV to 20.35 GeV. The average energy loss obtained from this piecewise reconstruction is 2.54 J. It agrees within 5% with the average energy loss obtained by using only the data recorded at E image 5 10.35 GeV. The main error in this estimation of the energy extraction efficiency is related to the shot-to-shot fluctuation of the energy loss, which equals 0.3 J (r.m.s.) and leads to an uncertainty of 65% and 64% in the energy extraction efficiency of Fig. 2a and b , respectively.
Particle-in-cell simulations. Computer simulations were carried out with the three-dimensional particle-in-cell codes QuickPIC 20, 21 , OSIRIS 29 and Hybrid OSIRIS 30 . The outcomes of all three codes, in particular the plasma wake and the beam evolution as the positron beam propagated through the plasma, were compared against one another to ensure that all three gave the same results. The results of the quasi-static QuickPIC code are presented in Figs 1 and 3 . This code uses the quasi-static approximation, which assumes the beam evolves slowly compared to the timescale of the plasma response (that is, the plasma electron transit time through the beam). The input bunch contains , 5 /mc (with p x the particle momentum along x and m the particle mass) and describes the area occupied by the beam in the phase space (x, p x ) and the r.m.s. normalized emittance in y is defined similarly. The beam has an energy of 20.35 GeV and zero initial energy spread. The plasma has a trapezoidal density profile with a uniform density of 8 3 10
16 cm 23 over a 1.2-m-long region and 15-cm-long linear density up-and down-ramps on either side, corresponding to a FWHM length of 1.35 m. The simulation box tracks the beam-plasma interaction in the coordinates x, y and j 5 z 2 ct, that is, the box moves at light speed although it 'sees' the plasma and the positron bunch in the laboratory frame. The box has a size of 600 mm 3 600 mm 3 320 mm in the two transverse dimensions and the longitudinal dimension, respectively. The number of cells in the simulation box is 512 3 512 3 512 (about 134 million in total). A 790-frame movie of the simulation is available as Supplementary Video 1, and shows the evolution of the longitudinal and transverse fields of the wake as the positron beam propagates through the plasma. Sensitivity to the positron bunch parameters. The positron bunch parameters such as the r.m.s. transverse and longitidunal spot sizes and the normalized transverse emittance can vary in the experiment. To check the sensitivity of the results to the positron bunch parameters, additional QuickPIC simulations were carried out. The following parameters were scanned over ranges that occur in the experiment: the bunch length s z , the longitudinal shape of the bunch (rise time versus fall time), the transverse beam size s r , and the normalized transverse emittance. Parameters were varied one at a time, while keeping all the other parameters constant. Other simulation parameters are as described in the Methods. The results of this simulation scan are presented in Extended Data Fig. 2 , which shows the final positron spectrum for every parameter sets. Although the gross features of the wake (for example, the reversing of the E z field within the rise time of the bunch) remain the same, the peak value of the on-axis accelerating field, the onaxis plasma electron density, and the loading of the longitudinal and transverse fields do vary noticeably over the range of parameters scanned in the simulations.
The effects of the scanned parameters on the beam-plasma interaction and the final positron spectrum can be summarized as follows. Variation of s z and s r . In the experiment, the r.m.s. bunch sizes in the transverse and the longitudinal directions can vary by a factor of two. In the simulations, increasing s z or decreasing s r reduces the maximum energy gain and modifies the peak-to-shoulder ratio and the energy spread. An example of each is shown in Extended Data Fig. 2a . Longitudinal pulse shape. The maximum energy of the positrons is sensitive to the details of the longitudinal profile of the bunch. For instance, if the bunch has an asymmetric profile with a sharper rise and a gentler fall such that the sum of the r.m.s rise and fall times is held constant (as well as the FWHM length of the bunch), the maximum energy gain increases substantially while the peak-to-shoulder ratio is somewhat reduced. For instance, as shown in Extended Data Fig. 2b (green curve) , an asymmetric Gaussian bunch with a 20-mm rising edge and a 40-mm falling edge gives a peak energy gain increased by 2 GeV. The faster rise of the current profile of the bunch excites a wake of larger amplitude, which increases the energy gain. Normalized transverse emittance. The final positron spectrum is sensitive to the input-normalized transverse emittance of the bunch, as shown in Extended Data Fig. 2c . Note that the variation of the normalized emittance is performed at constant s r , and therefore corresponds to a change in the width of the transverse momentum distribution of the beam. When the emittance is increased from 100 3 25 mm 2 to 200 3 50 mm 2 , the decelerating field does not change, as can be seen from the nearly identical decelerated portion of the energy spectrum of the positrons, but the acceleration is substantially affected. Further increasing the emittance reduces the peak decelerating field. In all cases, the beam loading is reduced as the emittance is increased, which leads to a higher energy gain, a smaller peak-to-shoulder ratio and a larger peak energy spread. The spectrum is flat and has the highest energy gain for the highest emittance.
The energy gain and the energy spread of the charge contained in the narrow spectral peak, as well as the peak-to-shoulder ratio, depend strongly on the transverse and longitudinal properties of the positron bunch. In the experiment, RESEARCH LETTER all these beam parameters can vary simultaneously, and one can therefore expect a wide range of outcomes, as observed in the experiment and shown in Fig. 2 and Extended Data Fig. 1 . Fig. 3 , here the transverse force is slightly defocusing close to the axis in the region 285 mm , j , 270 mm. The emittance being larger in x, the beam evolves towards a larger spot size along this dimension. As a result, the on-axis plasma electrons that provide the focusing force take a marginally longer time to reach the x 5 0 plane, which leads to a small region where the force is locally slightly defocusing. Nevertheless, the positrons remain confined and guided by the pseudo potential well, as seen in the inset of c. 5 20.35 GeV by the magenta solid line. Except for the two extreme energy set-points, each piece of the reconstruction covers a 2.5-GeV energy range centred around its energy set-point. Single shot spectra are linearly extrapolated for energies below 9 GeV, and this extrapolation is accounted for in the blue curve. The energy set-points are represented by the dashed lines.
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